Three dnaK and four dnaJ genes have been identified in the genome of cyanobacterium Synechococcus elongatus PCC 7942. Our comprehensive analysis of yeast two-hybrid screening revealed a specific interaction among DnaK2, DnaJ2, and RNase E, an essential endoribonuclease. We examined the effects of DnaK2 and DnaJ2 on RNase E activity by monitoring the digestion of psbAII transcript in vitro. The addition of DnaK2 and DnaJ2 obviously inhibited RNase E activity in an ATPdependent manner. These results suggest that DnaK2 and DnaJ2 are involved in RNA degradation through interaction with RNase E.
The DnaK and DnaJ proteins of prokaryotic cells belong to the HSP70 and HSP40 protein families respectively, which are highly conserved ubiquitous groups of heat shock proteins. We have identified three dnaK homologs, dnaK1, dnaK2, and dnaK3, in the genome of the unicellular cyanobacterium Synechococcus elongatus PCC 7942 1) (hereafter referred to as Synechococcus). Two of these, dnaK2 and dnaK3, are essential for growth.
2) In addition, four dnaJ homologs were identified by genome analysis (CYORF, http://cyano.genome. jp/). We have reported that DnaK3 protein is quantitatively localized in the membrane fraction with DnaJ3, and that it is involved in translational process on the surface of the thylakoid membrane. [3] [4] [5] On the other hand, the functions of the other DnaK and DnaJ proteins are unclear, except that DnaKs are located in the cytosol.
4) Recently, we observed that DnaJ2 (Synpcc 1789) is also localized mainly in the cytosol and is indispensable, and that the dnaK2 and dnaJ2 genes are induced by heat and high light stresses (Sato, et al., unpublished), suggesting that they are the major types functioning in stress responses among Synechococcus DnaKs and DnaJs.
In this communication, to explore the specific interacting proteins of DnaK2, we carried out yeast two-hybrid screening according to a method previously described. [6] [7] [8] A Synechococcus genomic library for the screening was constructed using plasmid pGAD, a GAL4 activation domain fusion vector.
9) Based on the expression of the reporter gene HIS3, we obtained several independent positive clones with the dnaK2 bait. The pGAD derivatives were extracted from the positive colonies and their insert fragments were sequenced and analyzed with the cyanobacterial genome database. Among them, three overlapping N-terminal fragments of the rne gene, which encodes endoribonuclease RNase E, were obtained. Although the subsequent specificity test 6, 10) did not show obvious interaction between DnaK2 and RNase E, DnaJ2 clearly exhibited interaction with RNase E (Fig. 1) .
As shown in Fig. 1 , interaction between the Cterminal fragment of DnaJ2 (DnaJ2-C) and the Nterminal fragment of RNase E (RNase E-N) was detected even when the bait and prey constructs were switched. On the other hand, DnaK2 interacted with the full length of DnaJ2 more robustly than with DnaJ2-C, suggesting that the N-terminal region of DnaJ2, including the J-domain, is important for the interaction with DnaK2, as reported for other HSP40 family proteins.
11)
DnaJ2-C interacted with itself, suggesting that Synechococcus DnaJ2 forms a dimer, like Escherichia coli DnaJ.
12) It has been reported that E. coli RNase E also forms a dimer via the S1 domain, which is located in the N-terminal region of RNase E. 13) Our results are in agreement with these findings, as indicated by the specific interaction between the N-terminal regions of Synechococcus RNase E, suggesting that cyanobacterial RNase E also forms a homo dimer.
To investigate the effects of DnaJ2 and DnaK2 on RNase E activity, we attempted an in vitro RNase E activity assay. RNase E, DnaK2, and DnaJ2 proteins were expressed in E. coli using the pET system, and purified with Ni-NTA agarose (QIAGEN GmbH, Hilden, Germany). One mg of these proteins was checked for purity by SDS-polyacrylamide gel electrophoresis ( Fig. 2A) . In Synechocystis sp. PCC 6803, it has been reported that transcript of psbAII, encoding the photosystem II reaction center protein D1, are degraded by RNase E.
14,15) Hence we analyzed the effect of DnaJ2 and DnaK2 on the digestion of psbAII transcript by RNase E. The psbAII transcript was completely diminished in 5 min (Fig. 2B and C, no. 2), whereas, in the presence of both DnaJ2 and DnaK2 (Fig. 2B and C, no. 5), it was greatly stabilized. We also observed that DnaK2 alone stabilized the psbAII transcript to a lesser extent, while DnaJ2 alone scarcely affected it (Fig. 2B and C, nos. 3 and 4). In addition, ATP was required for stabilization by DnaK2 and DnaJ2 ( Fig. 2B and C, nos. 5 and 6). This is interesting because molecular chaperones such as DnaK or DnaJ usually exert their protective function by binding solely to their substrate. However, the ATP requirement for protection suggests that the chaperoning function might be important to make RNase E inert. Consequently, DnaK2 and/or DnaJ2 negatively regulate RNase E.
Although dnaK2 and dnaJ2 are encoded as orphan genes in the Synechococcus genome, their responses to various stresses are similar (Sato, et al., unpublished), and the observed specific interaction (Fig. 1) indicates their specific partnership among multigene families. A specificity test using yeast two-hybrid analysis 10) was carried out on an SC plate lacking Leu, Trp, and adenine (SC-LWA) with incubation for one week. Diploid strains were constructed by mating PJ69-4Aa cells harboring pGBTK or its derivatives (Baits) with PJ69-4A cells harboring pGAD424 or its derivatives (Preys), where each derivative plasmid contained various fragments. The fragments were full-length DnaK2 (PCR amplified with primers dnaK2-Sma-f and dnaK2-Sal-r), the DnaJ2 region (DnaJ2: fulllength, primers dnaJ2-Eco-f and dnaJ2-Bam-r; DnaJ2-C: 68-326 a.a., primers dnaJ2C-Eco-f and dnaJ2-Bam-r), or the RNase E region (RNase E: full-length, primers rne-Bam-f and rne-Xho-r; RNase E-N: 1-493 a.a., primers rne-Bam-f and rneN-Xho-r; RNase E-C: 490-808 a.a., primers rneC-Bam-f and rne-Xho-r). The primer sequences are listed in Table 1 . 
Primer extension psbA2r-800 CAACAGCACCAGAGATGATGTTGTTGCC a Additional sequences that do not correspond to the sequences of relevant genes are indicated by italics, and restriction sites are underlined.
In E. coli, RNase E is a major component of the mRNA degradation complex termed RNA degradosome, which also contains DnaK and GroEL as minor components. 16) However, the C-terminal region of E. coli RNase E, which acts as a scaffold for degradosome complex formation, is not conserved in cyanobacterial RNase E, suggesting that the mRNA degradation system is different as between E. coli and cyanobacteria. 17, 18) Moreover, RraA and RraB, regulator proteins of RNase E, 19, 20) are not conserved in cyanobacteria. Therefore, DnaK2 and DnaJ2 might be one of the regulators of RNase E.
The genome of Synechococcus contains three psbA genes, psbAI, psbAII, and psbAIII, and the regulation of these genes and their products have been extensively studied. 21) Although levels of both psbAII and psbAIII increase under high light, only the psbAII transcript remains stable after induction. 22) DnaK2 and DnaJ2, which are induced by high light similarly to psbAII, might be involved in psbAII stabilization under the high light conditions. While, whether other DnaK or DnaJ proteins are involved in the activity of RNase E is remains to be elucidated. A, SDS-polyacrylamide gel electrophoresis of purified RNase E, DnaK2, and DnaJ2 proteins. Their coding regions were PCR amplified with appropriate primers (RNase E: rne-Sac-f and rne-Xho-r; DnaK2: dnaK2-Sac-f and dnaK2-Sal-r; DnaJ2: dnaJ2-Eco-f and dnaJ2-Xho-r) and cloned into pETNH, which was derived from pET21b (Novagen, Madison, USA). The proteins were overexpressed in E. coli BL21 (DE3) (for DnaK2, DnaJ2) or Rosetta2 (DE3) pLysS (for RNase E) (Novagen), and purified using Ni-NTA agarose (QIAGEN). B, RNase E activity assay in vitro. psbAII transcript was synthesized using PCR-amplified DNA template (primers T7psbA2-f and psbA2-RNA-r) and T7 polymerase (Roche Diagnostics, Mannheim, Germany). Five mg of transcript was digested with 3 mg of RNase E protein in the presence and absence of a 10-fold molar excess of DnaK2 and/or DnaJ2 proteins in RNase E reaction buffer (20 mM Tris-HCl, pH 8.0, 5 mM MgCl 2 , 100 mM KCl, 5% glycerol, 0.1% Triton X-100, 1 mM EGTA) with or without 5 mM ATP at 37 C for the indicated times. After inactivation of RNase E by phenol/ chloroform treatment, the resulting RNA fragment was detected by primer extension using the IRD-labeled custom primer psbA2r-800 (ALOKA, Tokyo, Japan) and DNA sequencer model 4000L (LI-COR, Lincoln, USA). The RNA-primer mix was reverse transcribed using BcaBEST RNA PCR Kit Ver. 1.1 (TaKaRa, Kyoto, Japan). The reverse-transcribed samples and the products of dideoxyribonucleotide sequencing reactions were performed with the same primer using a Thermo Sequenase Cycle Sequencing Kit (USB, Cleveland, USA). Electrophoresis was carried out with 4% urea-polyacrylamide sequencing gel using DNA Sequencer model 4000L (LI-COR). C, Densitometric quantification of the level of psbAII transcript using ImageJ (http://rsb.info.nih.gov/ij/). The amounts of untreated psbAII transcript correspond to 100. The primer sequences are listed in Table 1. 
